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Background: Gemcitabine-based chemotherapy is the standard treatment for pancreatic cancer. However, the issue of resistance 
remains unresolved. The aim of this study was to identify microRNAs (miRNAs) that govern the resistance to gemcitabine in 
pancreatic cancer. 

Methods: miRNA microarray analysis using gemcitabine-resistant clones of MiaPaCa2 (MiaPaCa2-RGs), PSN1 (PSN1-RGs), and 
their parental cells (MiaPaCa2-P, PSN1-P) was conducted. Changes in the anti-cancer effects of gemcitabine were studied after 
gain/loss-of-function analysis of the candidate miRNA. Further assessment of the putative target gene was performed in vitro and 
in 66 pancreatic cancer clinical samples. 

Results: miR-320c expression was significantly higher in MiaPaCa2-RGs and PSN1-RGs than in their parental cells. miR-320c 
induced resistance to gemcitabine in MiaPaCa2. Further experiments showed that miR-320c-related resistance to gemcitabine 
was mediated through SMARCC1, a core subunit of the switch/sucrose nonfermentable (SWI/SNF) chromatin remodeling 
complex. In addition, clinical examination revealed that only SMARCC1 -positive patients benefited from gemcitabine therapy with 
regard to survival after recurrence (P = 0.0463). 

Conclusion: The results indicate that miR-320c regulates the resistance of pancreatic cancer cells to gemcitabine through 
SMARCC1 , suggesting that miR-320c/SMARCC1 could be suitable for prediction of the clinical response and potential therapeutic 
target in pancreatic cancer patients on gemcitabine-based therapy. 



Pancreatic cancer is one of the leading causes of tumour- related 
mortalities. The prognosis of patients after complete resection is 
poor, and > 50% of patients develop tumour recurrence at distant 
or locoregional sites, with an estimated 5 -year survival of only 20% 
(Li et al, 2004). Treatment modalities for pancreatic cancer include 
surgery, chemotherapy, radiation therapy, and combination 
therapy. Gemcitabine-based chemotherapy has formed the core 
of the multimodal therapy and improved the prognosis of patients 
with pancreatic cancer (Oettle et al, 2007), but its effect is modest 
because of high drug resistance. The selection of patients who 
derive a true benefit from gemcitabine could be an important 
stepping stone toward improvement of outcome of pancreatic 
cancer. 

Several molecular mechanisms in drug resistance in pancreatic 
cancer have been elucidated. We have previously described that 



RRMl, the gene that encodes the regulatory subunit of ribonucleo- 
tide reductase, is strongly associated with gemcitabine resistance in 
pancreatic cancer (Nakahira et al, 2007; Akita et al, 2009). 
However, the development of drug resistance appears to be a 
multifactorial process, so our understanding is still fragmentary. 

Recently, several studies have indicated that microRNAs 
(miRNAs) regulate this drug resistance (Tomimaru et al, 2010; 
Tomokuni et al, 2011). miRNAs are endogenous, single -stranded, 
non-coding RNAs and modulators of gene expression in the post- 
transcriptional phase, composed of 18-25 nucleotides. Currently, 
1600 human miRNAs have been identified (miRBase 19, http:// 
www.mirbase.org/). miRNAs are predicted to control the activity of 
approximately 30% of all protein-coding genes in mammals, and 
each miRNA can regulate up to 100 different messenger RNAs. 
Currently, the most promising miRNAs in association with 
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pancreatic cancer drug resistance against gemcitabine are miR-15a 
(Zhang et al, 2010), miR-21 (Park et al, 2009; Ali et al, 2010; 
Giovannetti et al, 2010; Hwang et al, 2010), miR-34 (Ji et al, 2009), 
miR-200b and miR-200c (Li et al, 2009; Ali et al, 2010), miR-214 
(Zhang et al, 2010), miR-221 (Park et al, 2009), and members of 
the let? family (Li et al, 2009). However, only selected miRNAs 
have been investigated for their role in drug resistance in 
pancreatic cancer. 

In this study, we developed gemcitabine-resistant cell clones 
from human pancreatic cancer cell lines and performed compre- 
hensive expression profiling of miRNAs. The results indicate that 
miR-320c confers resistance to gemcitabine in pancreatic cancer 
cells through SMARCCl. 



MATERIALS AND METHODS 



Cell lines. The human pancreatic cell lines MiaPaCa2 and PSNl 
were obtained from the Japan Cancer Research Resources Bank 
(Tokyo, Japan). These cells were maintained in Dulbecco's 
modified Eagle's medium supplemented with 10% fetal bovine 
serum, lOOUml"^ penicillin, and lOOmgml"^ streptomycin at 
37 °C in a humidified incubator with 5% CO 2 in air. 

Establishment of gemcitabine-resistant cell clones. Gemcitabine- 
resistant cells were generated by exposure to gradually increasing 
concentrations of the drug for 2 months as described previously 
(Goan et al, 1999; Davidson et al, 2004). Parental MiaPaCa2 cells 
(MiaPaCa2-P) and parental PSNl cells (PSNl-P) were exposed to 
gemcitabine at an initial concentration of lngml~\ When cells 
adapted to the drug, the gemcitabine concentration was increased. 
The final concentrations were 20ngml~^ gemcitabine for 
MiaPaCa2 and lOngml"^ gemcitabine for PSNl. Through this 
process, we successfully established gemcitabine-resistant cells 
(Nakahira et al, 2007). Limiting the dilution of the established cells 
allowed the production of MiaPaCa2 cell clones and PSNl cell 
clones that were resistant to gemcitabine. Four clones (MiaPaCa2- 
RGs: MiaPaCa2-RGl, MiaPaCa2-RG2, MiaPaCa2-RG3, and Mia- 
PaCa2-RG4) and three clones (PSNl-RGs: PSNl-RGl, PSN1-RG2, 
and PSN1-RG3) from each line were used in these experiments. 

Drugs and reagents. Gemcitabine was kindly supplied by Eli Lilly 
Pharmaceuticals (IndianapoUs, IN, USA). In reference to previous 
studies, polyclonal rabbit anti-human SMARCCl antibody (Santa 
Cruz Biotechnology Inc., Santa Cruz, CA, USA) for western blot 
analysis (DelBove et al, 2011) and monoclonal mouse anti-human 
SMARCCl antibody (Santa Cruz Biotechnology Inc.) for immu- 
nohistochemistry (Andersen et al, 2009) were used as primary 
antibodies. Monoclonal rabbit anti-human actin for western blot 
analysis was purchased from Sigma-Aldrich Co. (St. Louis, MO, 
USA). 

Transfection. The precursor oligonucleotide of hsa-miR-320c 
(pre-miR-320c), antisense oligonucleotide inhibitor of hsa-miR- 
320c (anti-miR-320c), SMARCCl small interfering (si) RNA 
oligonucleotide (siSMARCCl), and their scrambled oligonucleo- 
tides were obtained from Ambion Inc. (Austin, TX, USA). Pre/ 
anti-miR-320c and siSMARCCl were transfected using Lipofecta- 
mine RNAiMAX (Invitrogen, Carlsbad, CA, USA) according to the 
protocol provided by the manufacturer. Each scrambled oligonu- 
cleotide was transfected in the same way as a matched negative 
control. 

RNA extraction. Total RNA, including the small RNA fraction, 
was isolated from cell lines with Trizol reagent (Invitrogen) as 
previously described (Yang et al, 2009). The quality of the RNA 
was assessed with a NanoDrop ND-1000 spectrophotometer 
(NanoDrop Technologies, Wilmington, DE, USA) at 260 and 
280 nm (A260/280) wavelengths. 



Real-time quantitative reverse-transcription-PCR for miRNA 
expression. The reverse transcription (RT) reaction was per- 
formed with the TaqMan MicroRNA RT Kit (Applied Biosystems, 
Foster City, CA, USA), and real-time quantitative (q) PGR was 
performed with TaqMan MicroRNA Assays (Applied Biosystems) 
using the ABI7900HT system (Applied Biosystems). The expres- 
sion of the target miRNA was normahsed relative to that of the 
endogenous control, RNU48. Data were analysed according to the 
comparative Ct method (Schmittgen et al, 2004). 

Real-time qRT-PCR for messenger RNA expression. Comple- 
mentary DNA was synthesised from 8.0 /ig total RNA using the 
Superscript first-strand synthesis system (Invitrogen), according to 
the instructions supplied by the manufacturer. Real-time quanti- 
tative PGR was performed using designed oligonucleotide primers 
and the LightCycler 480 Real-Time PGR system (Roche Diag- 
nostics, Mannheim, Germany). For detection of the amplification 
products, the LightCycler- DNA master SYBR green I (Roche 
Diagnostics) was used as described previously (Yamamoto et al, 
2004), and the amount of target gene expression was calculated. 
The expression of the target gene was normalised relative to the 
expression of GAPDH, which was used as an endogenous control. 
The designed PGR primers were as follows: GAPDH forward 
primer 5'-GTCGGAGTCAACGGATTTGGT-3' and GAPDH 
reverse primer 5'-GCCATGGGTGGAATCATATTGG-3'; and 
SMARCCl forward primer 5'-TCATGCGGATGCTCCTACCA-3' 
and SMARCCl reverse primer 5'-AAACCTCCGCCATCCCT 
GTT-3^ 

MiRNA microarray experiments. The purified RNAs obtained 
from MiaPaCa2-P, MiaPaCa2-RGs (MiaPaCa2-RGl, MiaPaCa2- 
RG2, MiaPaCa2-RG3, and MiaPaCa2-RG4), PSNl-P, and PSNl- 
RGs (PSNl-RGl, PSN1-RG2, and PSN1-RG3) were used as 
samples and assessed as being of high quality by the Agilent 
2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA) 
and NanoDrop (NanoDrop Technologies). Next, 500 ng of 
extracted total RNA was labeled with Hy5 using the miRCURY 
LNA Array microRNA Power Labeling kit (Exiqon, Vedbaek, 
Denmark). The labeled RNAs were hybridised onto 3D -Gene 
Human miRNA Oligo chips containing 1011 anti-sense probes 
printed in duplicate spots (Toray, Kamakura, Japan). The 
annotation and oligonucleotide sequences of the probes conformed 
to the miRBase miRNA database (http://microrna.sanger.ac.uk/ 
sequences/). After stringent washes, the fluorescent signals were 
scanned with the ScanArray Express Scanner (Perkin Elmer, 
Waltham, MA, USA) and analysed using GenePix Pro version 5.0 
(Molecular Devices, Sunnyvale, CA, USA). The raw data for each 
spot were normalised by substitution with the mean intensity of 
the background signal determined by the signal intensities of all 
blank spots with 95% confidence intervals. Measurements of both 
duplicate spots with signal intensities > 2 s.ds. of the background 
signal intensity were considered to be valid. The relative expression 
level of a given miRNA was calculated by comparing the signal 
intensities of the averaged valid spots with their mean value 
throughout the microarray experiments after normalisation by 
their median values adjusted equivalently. 

Construction of reporter plasmids and evaluation of luciferase 
reporter activity. To construct a luciferase reporter plasmid, a 
SMARCCl-3'UTR fragment containing the miR-320c target site 
was subcloned into the pmirGLO Dual-Luciferase miRNA Target 
Expression Vector (Promega, Madison, WI, USA) located 3' to the 
firefly luciferase gene. Nucleotide sequences of the constructed 
plasmids were confirmed by DNA sequencing analysis. For 
luciferase reporter assays, MiaPaCa2-P were seeded in 96-well 
plates and then cotransfected with the pmirGLO -SMARCCl - 
3'UTR construct and either pre-miR-320c or scrambled oligonu- 
cleotide for negative control (Ambion) using Lipofectamine 2000 
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(Invitrogen). Assays were conducted 48 h after transfection using 
Dual-Glo Luciferase Assay System (Promega). Firefly luciferase 
signals were normalised to renilla luciferase signals. All transfec- 
tion experiments were conducted in triplicate. 

Western blot analysis. Western blot analysis was performed as 
described previously (Yamamoto et al, 2003). Briefly, total protein 
was extracted from cells grown to semiconfluence in radio - 
immunoprecipitation assay buffer (Thermo Fisher Scientific, Inc., 
Rockford, IL, USA). AUquots of total protein (12 /ig) were 
electrophoresed on sodium dodecyl sulfate polyacrylamide, 10% 
Tris-HCl gels (Bio-Rad Laboratories Inc., Hercules, CA, USA). The 
separated proteins were transferred to polyvinylidene difluoride 
membranes (Millipore Co., Billerica, MA, USA) and incubated 
with primary antibodies for 1 h. 

Growth inhibitory assay. The growth inhibitory assay was 
assessed using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetra- 
zolium bromide (MTT; Sigma-Aldrich Co.) assay as described 
previously (Eguchi et al, 2000). In brief, cells were incubated for 
72 h under several concentrations of gemcitabine. After reincuba- 
tion for 4 h with MTT solution, an acid-isopropanol mixture was 
added to dissolve the resulting formazan crystals. The absorbance 
of the plate was measured in a microplate reader at a wavelength of 
550 nm with a 650-nm reference, and the results were expressed as 
a percentage of absorbance relative to that of untreated controls. 

Patients and specimens. The study subjects were 66 patients with 
pancreatic cancer, recruited as described previously (Akita et al, 
2009). Between January 1992 and March 2008, 166 patients 
underwent surgery for pancreatic cancer at Osaka University 
Hospital, Osaka, Japan. We excluded 100 patients for the following 
reasons: tumours were not resectable in 26 patients because of liver 
metastases or peritoneal carcinomatosis; surgery resulted in Rl 
(residual microscopic cancer) or R2 (residual macroscopic cancer) 
resections in 21 patients; chemotherapy or chemoradiotherapy was 
provided preoperatively to 37 patients; lack of neutral -buffered 
formalin-fixed and paraffin -embedded tumour blocks or/and 
clinical follow-up information for study purposes in 14 cases; 
and radiotherapy or immunotherapy was provided postoperatively 
to 2 patients. Because the natural history of variant pancreatic 
neoplasms differs from that of the usual pancreatic ductal 
adenocarcinoma, patients with intraductal papillary mucinous 
neoplasms, mucinous cystic adenocarcinomas, and medullary 
adenocarcinomas were excluded from this study. Supplementary 
Table SI summarises the characteristics of the 66 patients who 
were enrolled. They included 31 men and 35 women with a mean 
age of 65.3 + 7.6 years ( + s.d.). All patients had RO (no residual 
cancer) resections by pancreaticoduodenectomy in 53 patients, 
distal pancreatectomy in 11 patients, and other resections in 2 
patients. The histopathological grading showed well, moderately, 
and poorly differentiated adenocarcinoma in 26, 30, and 10 
patients, respectively. The UICC-TNM classification was 2, 1, and 
63 patients with pTl, pT2, and pT3; 28, 32, and 6 patients with 
pNO, pNl, and pMllym; and 1, 1, 26, 32, and 6 patients with stage 
lA, IB, IIA, IIB, and IV, respectively. None of the patients had 
received neoadjuvant therapy preoperatively. All 66 patients were 
followed until disease recurrence and/or death. The median follow- 
up period was 17.0 months (3.5-147.7), the 5-year survival rate was 
25.0%, and recurrence of disease was observed in 51 patients. 
Treatment with gemcitabine was carried out in 26 patients; 
3 patients received it as adjuvant chemotherapy, and 23 patients 
received it after disease recurrence. Radiation therapy was not 
carried out during all the follow-up period. 

Immunohistochemical staining. Immunohistochemical staining 
for SMARCCl in 66 pancreatic cancer samples was performed 
using the method described previously (Kondo et al, 1999). Briefly, 
formalin-fixed, paraffin- embedded 4-/im-thick sections were 



deparaffinised in xylene, then treated with an antigen -retrieval 
procedure, and incubated in methanol containing 0.3% hydrogen 
peroxide to block endogenous peroxidase. After incubation with 
normal protein block serum, the sections were incubated overnight 
at 4 °C with an anti-SMARCCl antibody as the primary antibody. 
Thereafter, the sections were detected with avidin-biotin complex 
reagents (Vector Laboratory Inc., Burlingame, CA, USA) and 
diaminobenzidine. All sections were counterstained with haema- 
toxylin. The positivity for SMARCCl staining was defined as 
detectable nuclear staining of > 10% of cancer cells. 

Statistical analysis. Data are expressed as means ± s.d. Clinico- 
pathological parameters were compared using the t^st, and 
continuous variables were compared using the Student's t-test 
Survival curves were computed using the Kaplan-Meier method, 
and differences between survival curves were compared using the 
log-rank test. A P value <0.05 denoted the presence of a 
statistically significant difference. Statistical analysis was performed 
using JMP software version 8.0.2 (SAS Institute Inc., Cary, 
NC, USA). 



RESULTS 



Characteristics of established gemcitabine-resistant cells. The 

morphology of MiaPaCa2-RGs resembled that of MiaPaCa2-P. 
Although MiaPaCa2-RGs showed similar growth curves compared 
with MiaPaCa2-P in the absence of gemcitabine (data not shown), 
MiaPaCa2-RGs were significantly resistant to gemcitabine com- 
pared with MiaPaCa2-P, which MTT assays confirmed 
(Figure lA). On the other hand, the morphology of PSNl-RGs 
was slightly spindle-like in comparison with that of PSNl-P, and 
the growth rate of PSNl-RGs was slightly slower than that of 
PSNl-P in the absence of gemcitabine (data not shown). MTT 
assays showed significant resistance to gemcitabine in PSNl-RGs 
compared with PSNl-P (Figure IB). 

miR-320c expression was significantly higher in gemcitabine- 
resistant clones than in parental cells. To identify the candidate 
miRNAs related to resistance to gemcitabine, miRNA microarray 
analysis was performed using a MiaPaCa2 combination (Mia- 
PaCa2-P and MiaPaCa2-RGs) and PSNl combination (PSNl-P 
and PSNl-RGs). The analysis showed that, among the 1011 
miRNAs, the miRNA expression levels of 20 (2.0%) in MiaPaCa2- 
RGs (Supplementary Table S2) and 74 (7.3%) in PSNl-RGs 
(Supplementary Table S3), respectively, were altered by > 1.5 
average fold relative to parental, keeping adequate expression 
quantities and excluding miRNA'^s. Furthermore, eight miRNAs 
were identified in common both in MiaPaCa2-RGs and PSNl-RGs 
(Figure IC). These miRNAs are listed with average fold change and 
P values of MiaPaCa2-RGs relative to MiaPaCa2-P and PSNl-RGs 
relative to PSNl-P in Table 1. Among them, miR-320c showed the 
highest alteration (1.97 average fold change; 2.20-fold increase in 
MiaPaCa2-RGs, and 1.73-fold increase in PSNl-RGs) and was 
statistically significant (P = 0.0033 in MiaPaCa2-RGs, P = 0.0366 
in PSNl-RGs). The results of real-time qRT-PCR for miR-320c 
confirmed the upregulation in MiaPaCa2-RGs (Figure ID). There- 
fore, miR-320c was selected for further analysis. 

Gain-of-function and loss-of-function of miR-320c alters the 
resistance of MiaPaCa2 cells to gemcitabine. To evaluate the 
effect of miR-320c on the response to gemcitabine in MiaPaCa2 
cells, pre-miR-320c was first transfected into MiaPaCa2-P. Real- 
time qRT-PCR showed that transfection of pre-miR-320c markedly 
increased the miR-320c expression level for over 72 h (Figure 2A). 
The MTT assay demonstrated that transfection of pre-miR-320c 
into MiaPaCa2-P induced resistance to gemcitabine treatment 
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Figure 1. Characteristics of gemcitabine-resistant MiaPaCa2 cell clones (MiaPaCa2-RGs) and PSN1 cell clones (PSN1-RGs). (A, B) MTT assay 
showed significantly lower antitumour effect of gemcitabine in MiaPaCa2-RGs than in parental MiaPaCa2 cells (MiaPaCa2-P) and in PSN1 -RGs than 
in parental PSN1 cells (PSN1-P). Data are mean ± s.d. of triplicate independent experiments. *P<0.05 compared with parental cells. (C) Schematic 
diagram of the results of microarray analysis. The protocol identified eight miRNAs in common with > 1 .5 average fold relative to parental, keeping 
adequate expression quantities and excluding miRNA*s both in MiaPaCa2-RGs and PSN1-RGs. (D) Real-time qRT-PCR demonstrated significantly 
higher miR-320c expression in MiaPaCa2-RGs than in MiaPaca2-P. Data are mean ± s.d. of triplicate independent experiments. *P<0.05. 



Table 1. Common up- or downregulated miRNAs both in MiaPaCa2-RGs and PSN1-RGs 





















Fold change (relative to MiaPaCa2-P) 


Fold change (relative to PSN1-P) 




miR no. 


Fold change 
(average) 


MiaPaCa2-RGs 
(average) 


P-value 


PSN1-RGS 
(average) 


P-value 


Ref sequence ID 


Common upregulated miRNAs both in MiaPaCa2-RGs and PSN1-RGs 


hsa-miR-320c 

hsa-nniR-29a 

hsa-miR-lOa 

hsa-miR-30c 

hsa-miR-30a 

hsa-miR-29b 

hsa-miR-320a 


1.97 
1.85 
1.69 
1.68 
1.65 
1.58 
1.56 


2.20 
2.13 
1.64 
1.54 
1.51 
1.53 
1.51 


0.0033 
0.0097 
0.0202 
0.0222 
0.0243 
0.0026 
0.0142 


1.73 
1.57 
1.73 
1.81 
1.79 
1.63 
1.61 


0.0366 
0.2751 
0.0606 
0.0384 
0.2634 
0.3311 
0.0556 


MIMAT0005793 
MIMAT0000086 
MIMAT0000253 
MIMAT0000244 
MIMAT0000087 
MIMAT0000100 
MIMAT0000510 


Common downregulated miRNAs both in MiaPaCa2-RGs and PSN1-RGs 


hsa-miR-1246 


3.65 


1.97 


0.0085 


5.32 


0.1209 


MIMAT0005898 


Abbreviations: MiaPaCa-P = parental MiaPaCa2 cells; MiaPaCa2-RGs = gemcitabine-resistant clones of MiaPaCa2; miR and miRNA= microRNA; PSN1-P = parental PSN1 cells; PSN1-RGs = 
gemcitabine-resistant clones of PSN1. 



(Figure 2C). To further assess the effect of miR-320c on the 
gemcitabine resistance, anti-miR-320c was transfected into Mia- 
PaCa2-RGl. Real-time qRT-PCR showed sufficient inhibition of 
miR-320c expression for over 72 h (Figure 2B), and the MTT assay 



demonstrated significant reduction of viabiUty of anti-miR-320c- 
transfected cells compared with the control cells (Figure 2D). These 
results indicate that, at least partially, miR-320c induces gemcita- 
bine resistance in MiaPaCa2 cells. 
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Pre-miR-320c transfection (MiaPaCa2-P) 
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Pre-miR-320c 




Anti-miR-320c transfection (MiaPaCa2-RG1) 



24 h 



MiaPaCa2-RG1 Negative 
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Anti-miR-320c 



60 



Pre-miR-320c transfection (MiaPaCa2-P) 
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Gemcitabine concentration (ng mM) 
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Figure 2. miR-320c induced gemcitabine resistance in MiaPaCa2 cells. (A, B) Real-time qRT-PCR confirmed overexpression (MiaPaCa2-P 
transfected with pre-miR-320c) and suppression (MiaPaCa2-RG1 transfected with anti-miR-320c) of miR-320c for >72h. (C, D) MTT assay showed 
significant changes in resistance to gemcitabine by gain-of-function of miR-320c in MiaPaCa2-P and loss-of-function in MiaPaCa2-RG1 . Data are 
mean±s.d. of triplicate independent experiments. *P<0.05. 



miR-320c inhibits the response to gemcitabine by targeting 
SMARCCl. Few studies have reported miR-320 expression in 
gastrointestinal cancers, and little is known about the function of 
this miRNA. As putative targets of miR-320c, 539 genes were 
predicted by TargetScan. Among them, SMARCCl, a component 
of the chromatin remodeling complex, also known as a tumour 
suppressor, was selected for further analysis. SMARCCl expression 
was lower in MiaPaCa2-RGl than in MiaPaCa2-P (Figure 3A). We 
investigated direct binding of miR-320c and the SMARCCl gene 
by luciferase assay in MiaPaCa2-P and observed reduction of the 
luciferase activity in the pre-miR-320c-treated cells in comparison 
with negative control (Supplementary Figure SI). Pre-miR-320c 
transfection decreased SMARCCl expression, and anti-miR-320c 
transfection increased it (Figures 3B and C), suggesting that 
SMARCCl is one of the target genes of miR-320c in MiaPaCa2 
cells. Next, we used siRNA for SMARCCl to validate its 
involvement in the resistance to gemcitabine. Knockdown of 
SMARCCl was confirmed by western blot analysis (Figure 3D). 
The MTT assay demonstrated that transfection of siSMARCCl 
enhanced the resistance of MiaPaCa2-P to gemcitabine 
(Figure 3E). These results suggest that SMARCCl mediates, at 
least in part, the miR-320c-related resistance to gemcitabine. 

SMARCCl expression in clinical pancreatic cancer samples. 

Pancreatic cancer samples of 66 patients who underwent RO 
resection were immunohistochemically stained for SMARCCl 
expression. Whereas the expression of SMARCCl in pancreatic 
cancer lesions varied among the patients, a homogeneous staining 
for SMARCCl was observed in the nucleus in normal pancreatic 
duct cells (Figure 4A). Although SMARCCl has shown to appear 
not only in the nucleus but also in the cytoplasm in the previous 
study (Andersen et at, 2009), functional SMARCCl protein is 



considered to locaHse in the nucleus, therefore we defined 
SMARCCl -positive samples as having the spotted granular nuclear 
pattern (Figure 4B) and SMARCCl -negative samples as having the 
cytoplasmic pattern (not stained in the nucleus) (Figure 4C) or the 
negative pattern (not stained in the nucleus or the cytoplasm) 
(Figure 4D) in pancreatic cancer lesions. Among the 66 patients 
examined, 31 (47.0%) showed positive staining whereas 35 (53.0%) 
patients were negative for SMARCCl. 

SMARCCl expression was not associated with overall and 
disease-free survival. Of all the 66 patients, the median overall 
survival was 17.0 months (3.5-147.7), and the median disease-free 
survival was 11.1 months (2.0-147.7). There were no significant 
differences between the groups who were SMARCCl expression 
positive and negative with respect to age, sex, histopathological 
type (well/mod/poor), tumour size, tumour location (head/body/ 
tail), pathological depth of tumour (pTl/T2/T3), and whether or 
not gemcitabine was used as chemotherapy. However, pathological 
lymph node metastasis and pathological stage were significantly 
different in the two groups (P = 0.0383, P = 0.0383, respectively) 
(Supplementary Table S4). The Kaplan-Meier overall survival 
estimates were not significantly different for patients who were 
SMARCCl positive compared with those with SMARCCl -negative 
expression (median overall survival: 1.693 vs 2.189 years, 
P = 0.5585; Supplementary Figure S2A). With regard to disease- 
free survival, there was no significant difference between the 
SMARCCl -positive and -negative groups (median disease-free 
survival, 0.956 vs 1.334 years, P = 0.5633; Supplementary Figure 
S2B). 

SMARCCl was a useful predictor of clinical response to 
gemcitabine therapy. Of the 66 patients, 26 received therapy 
with single-agent gemcitabine. In 23 patients, this treatment was 
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Figure 3. The nniR-320c-related resistance to gemcitabine treatnnent is nnediated through SMARCC1. (A) Real-time qRT-PCR and western blot 
analysis confirmed the significantly low SMARCC1 expression in MiaPaCa2-RG1 compared with MiaPaCa2-P. (B) SMARCC1 gene and protein 
expression was confirmed to be significantly suppressed by pre-miR-320c transfection in real-time qRT-PCR and western blot analysis. (C) real-time 
qRT-PCR and western blot analysis showed enhancement of SMARCC1 gene and protein expression levels by anti-miR-320c transfection. 
(D) Knockdown of SMARCC1 in MiaPaCa2-P was confirmed in western blot analysis. (E) MTT assay showed that knockdown of SMARCC1 induced 
resistance to gemcitabine treatment. Data are mean±s.d. of triplicate independent experiments. *P<0.05. 



initiated at the time of tumour recurrence. To elucidate the 
relationship between SMARCCl expression and gemcitabine 
therapy, we used survival after recurrence, which represented the 
period from starting gemcitabine therapy or other therapies in 51 
patients with relapse, until death. There were no significant 
differences between patients with and without gemcitabine therapy 
in clinicopathological factors (Table 2). First, we examined the 
survival benefit of gemcitabine. The 23 patients who were treated 



with gemcitabine had a significantly better survival than those who 
did not (P = 0.0046; Supplementary Figure S3). After dividing 
patients who were treated with gemcitabine into SMARCCl - 
positive and -negative groups, only patients who were SMARCCl 
positive benefited from gemcitabine therapy (P = 0.0463). The 
relationship between SMARCCl and survival after recurrence was 
not significant in patients treated without gemcitabine therapy 
(P = 0.9095; Figure 5). 
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Figure 4. Immunohistochemistry for SMARCC1 in clinical sannples. (A-D) Haematoxylin and eosin staining on the left side and SMARCC1 
staining on the right side. (A) A normal pancreatic duct sample. SMARCC1 expression was identified in the nucleus homogeneously in 
normal pancreatic duct cells. (B) A representative SMARCC1 -positive sample. SMARCC1 staining was in the spotted granular nuclear pattern 
in pancreatic carcinoma cells. (C, D) Representative SMARCC1 -negative samples. SMARCC1 staining was in the cytoplasmic pattern (not 
stained in the nucleus) or in the negative pattern (not stained in the nucleus and the cytoplasm) in pancreatic carcinoma cells. Bar=100/im. 



DISCUSSION 



Several studies have examined the involvement of miR-320c in 
various types of cancer. It has been reported that miR-320c is 
upregulated in breast cancer (Yan et al, 2008), retinoblastoma 
(Zhao et at, 2009), and malignant transformed bronchial epithelial 
cells (Shen et at, 2009; Duan et at, 2010), whereas it is 
downregulated in lung cancer (Gao et al, 2011) and in 



cholangiocarcinoma (Chen et al, 2009). It has also been reported 
that miR-320 is regulated by PTEN in mammary stromal 
fibroblasts (Bronisz et al, 2012), correlates with recurrence-free 
survival in colon cancer (Schepeler et al, 2008), and inhibits 
proliferation in leukaemia (Schaar et al, 2009). Regarding the 
association of miR-320 and drug resistance, it has recently been 
reported that miR-320 facilitates chemotherapeutic drug- triggered 
apoptosis in cholangiocarcinoma (Chen et al, 2009). The present 
study identified miR-320c as one of the common upregulated 
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Table 2. Relationship between gemcitabine therapy and 
clinicopathological factors 



Gemcitabine therapy 




Treated 
(n = 23) 


Not treated 
(n = 28) 


P-value 


Age (<65 : ^ 65 years) 


13:10 


12:16 


0.3314 


Sex (male:female) 


11 :12 


14:14 


0.8772 


Histopathological type (well 
or mod:poor) 


21 : 2 


22:6 


0.2134 


Tumour size 
(<27: ^27mm) 


12:11 


12:16 


0.5071 


Tumour location (head:body 
or tail) 


18:5 


22:6 


0.9786 


Pathological depth of 
invasion pT (T1 or T2:T3) 


2:21 


1 :27 


0.4390 


Pathological lymph node 
metastasis pN 
(negative:positive) 


5:18 


11:17 


0.1790 


Pathological stage (lA or IB 
or IIA:IIB or IV) 


5:18 


11:17 


0.1790 


SMARCC1 expression 
(-:+) 


11 :12 


15:13 


0.6830 


Abbreviations: mod = moderately differentiated; poor = poorly differentiated; well = well 
differentiated. 
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Figure 5. Relationship between SMARCC1 expression and survival 
after recurrence. Survival after recurrence curves showed a significantly 
better survival rate for SMARCC1 -positive patients than for SMARCC1- 
negative patients treated with gemcitabine therapy (*P= 0.0463), but 
survival was not significantly different in patients treated without 
gemcitabine therapy (P= 0.9095). 



miRNAs in gemcitabine-resistant pancreatic cancer cells compared 
with their parental cells, and we showed that miR-320c induced the 
resistance to gemcitabine. Among the putative targets of miR-320c 
by TargetScan, we focussed on SMARCCl, a switch/sucrose 
nonfermentable (SWI/SNF) -related matrix-associated actin-depen- 
dent regulator of chromatin subfamily C member 1, also known as 
BAF155 (BRGl -associated factor 155), as a candidate molecule 
responsible for miR-320-mediated drug resistance because of 



recent studies suggesting a role of chromatin remodeling in some 
cancers. Drug resistance is the major cause of treatment failure in 
cancer, yet the multifactorial mechanisms responsible for resis- 
tance remain largely unknown. Recently, several studies reported 
the contribution of chromatin remodeling in drug resistance in 
various types of cancer, such as the DEK oncogene in melanoma 
(Khodadoust et al, 2009), remodeling and spacing factor 1 in 
ovarian cancer (Choi et al, 2009), enhancer of zeste homolog 2 in 
pancreatic cancer (Ougolkov et al, 2008), and chromatin remodel- 
ing at the topoisomerase Il-beta promoter in neuroblastoma (Das 
et al, 2010). Unlike DNA mutations, which are essentially 
irreversible in cancer, chromatin alterations, including both 
histone modifications and nucleosome remodeling, are potentially 
reversible and thus might constitute attractive therapeutic targets 
(Wilson and Roberts, 2011). The SWI/SNF chromatin remodeling 
complex is a 2-Mda multisubunit complex first identified in yeast 
and highly conserved among eukaryotes (Peterson, 1996). 
Transcriptional activation and efficient transcription of genes 
require dynamic structural changes in chromatin, and the ATP- 
dependent SWI/SNF complex is involved in chromatin restructur- 
ing (Percipalle and Farrants, 2006). 

The SWI/SNF chromatin remodeling complex consists of a 
catalytic ATPase subunit, core subunits, and variant subunits. 
SMARCCl is contained in the core subunits. The SWI/SNF 
complexes have a widespread role in tumour suppression (Wilson 
and Roberts, 2011). Inactivating deletion and mutations in SWI/ 
SNF subunits have been reported at high frequency in various 
cancers, such as SNF5 in rhabdoid tumours (Versteege et al, 1998), 
BAF180 and ARIDIA in renal cell carcinoma (Varela et al, 2011), 
ARIDIA (Jones et al, 2010; Wiegand et al, 2010) and BAF155 
(DelBove et al, 2011) in ovarian carcinoma, and BRGl, BRM, 
ARIDIA, ARIDIB, and BAF180 in pancreatic cancer (Shain et al, 
2012). In addition, some SWI/SNF subunit deficiencies correlate 
with malignant potential, including drug resistance and shorter 
survival in melanoma (Lin et al, 2009) and in ovarian carcinoma 
(Katagiri et al, 2012) and glucocorticoid resistance in acute 
lymphoblastic leukaemia (Pottier et al, 2008), and as a severe risk 
factor for histologically malignant gastric cancer (Yamamichi et al, 
2007). Some studies have reported that SMARCCl deficiency 
prevents DNA damage- induced cell death (Ahn et al, 2011) and 
predicts short-term survival of colorectal cancer (Andersen et al, 
2009). In addition, knockdown of SMARCCl promotes self- 
renewal gene expression in embryonic stem cells (Schaniel et al, 
2009). In the present study, we used MiaPaCa2-P and MiaPaCa2- 
RGl and showed that knockdown of SMARCCl induced 
gemcitabine resistance, and both gain-of-function and loss-of- 
function of miR-320c inversely altered the expression level of 
SMARCCl protein. Although SMARCCl may be only one of the 
responsible molecules, the molecule is shown to be involved, at 
least partly, in the miR-320c-related drug-resistance. 

Evaluating the expression of miR-320c in clinical specimens 
may be crucial in predicting the drug-resistance, yet SMARCCl 
may be practically easier and more useful than miR-320c. Thus, in 
the present study, we evaluated the clinical importance of 
SMARCCl rather than miR-320c. We have previously reported 
RRMl expression as the beneficial predictor of the clinical 
response to gemcitabine in pancreatic cancer patients after a 
complete resection (Akita et al, 2009). The present study revealed a 
significant association between SMARCCl expression and the 
clinical response to gemcitabine therapy in completely resected 
pancreatic cancer patients. Therefore, RRMl, the key enzyme 
involved in DNA synthesis, and SMARCCl, the core subunit of the 
SWI/SNF chromatin remodeling complex, appear to make a 
contribution to drug- resistance mechanisms in separate processes 
and not to depend on each other. SMARCCl expression could be a 
newly independent predictor of the clinical response to gemcita- 
bine in pancreatic cancer patients. 
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In conclusion, we demonstrated in the present study that miR- 
320c inhibited the anti-cancer effect of gemcitabine in pancreatic 
cells and that SMARCCl mediated this effect. The response to 
gemcitabine in MiaPaCa2 cells was controlled by genetic 
manipulation of miR-320c and SMARCCl. In addition, clinical 
examination revealed that only patients who were SMARCCl 
positive benefited from gemcitabine therapy with regard to survival 
after recurrence. Considered together, the results suggest that miR- 
320c/SMARCCl -mediated gemcitabine resistance is a potential 
legitimate target for the treatment of pancreatic cancer. 
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